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Abstract 
 
High energy protons liberate copious neutrons from heavy element targets though spallation reactions. 
These neutrons can be used for breeding fresh fissile materials from bulk fertile isotopes occurring in 
nature; e.g. from 238U; and 232Th. However it is economical to utilize streams of spallation neutrons to 
trigger fission chains in sub-critical reactor core and utilizing bred fissile material in-situ rather than 
extracting it and re-injecting as thought earlier. Such a sub-critical reactor is deterministically free 
from power excursion accidents in this mode of operation. This feature is beneficial when utilizing 
fuels which have nuclear properties leading to higher risks of prompt criticality - such as minor 
actinides-rich fuel (Np, Am and Cm etc.) in fast reactors. ADS would require developing new 
technologies, main among which being superconducting RF linear accelerator and heavy liquid molten 
metal -lead or lead-bismuth eutectic (LBE) as target-coolant. An Indian roadmap and current activities 
under ADS programme are elaborated in this paper. 
 
Keywords: ADS; transmutation; spallation  
1. Introduction 
Nuclear power systems for generating electricity make use of fission chain reactions in the fuel of the 
reactors operating under the state of “criticality”. The chain reactions are driven by the neutrons emitted 
as consequence of fission events of fuel nuclei. The neutron emissions and their subsequent absorption 
in surrounding material with an assured fission in fissile nuclei for every previous fission event take 
place very fast, such that each generation of neutrons would last for a few tenths of micro - to milli 
second. The control of such fission chains would have been virtually impossible but for a tiny fraction 
of neutrons that come out as delayed neutrons from fission products or their progenies over duration of 
scores of second for each generation. It is with the help of these delayed neutrons that practical power 
reactors could be built which follow the variable load-demands, start up and shut down procedures to 
meet safety regulations. 
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    Thus, in a standard power generating reactor, the fraction and average life-time of delayed neutrons 
vis-à-vis prompt fission neutrons play very significant role to regulate the reactor power, and help 
assure safety against divergent power excursion. This aspect is very strongly dependant on the nuclear 
properties of fuel species (isotopes of fuel) and coolant/moderator used in the construction. The balance 
of neutrons (including delayed neutrons) in a reactor from one to next generation of fission events is 
usually sustained with the help of control rods (rich in neutron absorbing isotopic species) movements 
into and out of active core or, using so-called burnable poison to maintain conditions of criticality at all 
times and yet maintain safety. 
    The divergence of neutron population is protected through combination of nu clear properties of the 
reactor core materials, among which the effective fraction of delayed neutrons and Doppler Effect (i.e. 
increase in neutron absorption probability with increase in temperature) of fuel, fertile and coolant 
moderators, and neutron absorber are important. In the case of adverse combination of reactor 
materials; e.g. for fuel with high content of minor actinides (MA)- Np, Am and Cm, the reactor power 
control system becomes difficult, if not impossible, to reduce probability of power exc ursion to 
acceptable levels. The application of sub-critical reactor driven through external neutrons for use of 
MA-rich fuel is considered to be deterministically safe for transmutation of nuclear waste of spent 
reactor fuels. 
2. Accelerator development & transmutation 
    Application of energetic charged particles to transmutation was known since the days of Rutherford 
who used natural alpha particles to convert element nitrogen into oxygen through reaction: 
 
 + α   + p. 
 
    With the advent of particle acceleration by application of electric fields, Cockcroft and Walton 
bombarded nuclei of lithium with protons accelerated to ~ 800 keV in 1932, and brought about the firs t 
nuclear transformation by artificial means:  +  →  +   + 17.2 MeV. Subsequent 
development of charged particle accelerators using high-voltage DC and RF circular (cyclotron) and 
later RF linear (linac) techniques, electrons, proton and other ions were accelerated to higher and higher 
energies for scientific research. In each progress several useful nuclear reactions for transmutation and 
fission became known. In all cases, while energy of primary accelerated particles exceeded nuclear 
binding energies of target nuclei, emission of neutrons and other particles were observed. 
    Thus, charged particles from accelerators became instrument for generating secondary neutrons that 
could be utilized in variety of ways. One of their earliest use for nuclear power programmes was 
contemplated in transmuting bulk of naturally occurring isotopes of uranium-238 and thorium-232 into 
fissile plutonium-239 and uranium-233 through similar nuclear reactions; e.g. (with usual notations) : 
 
From Uranium : 
 
 + + β- ; and  + β-  
From Thorium: 
 
 + + β- ; and  + β-  
 
    The fissile species would then be separated through processing of the irradiated fuel and re -fabricated 
as fresh fuel consisting of plutonium-239 and uranium-233 for use in nuclear power reactors. This 
process was termed as accelerator breeder system, but never implemented on commercial scale due to 
very high cost of fissile materials produced when compared with uranium enrichment costs. 
    The economics of nuclear fuel production by accelerator breeder would very much depend on the 
cost (both- the economic and energetic) of obtaining a neutron for above transmutation reaction, as well 
as in the separation of fissile isotope from the parent species. 
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3. Accelerator-based neutron sources 
    Over the period of developing accelerator-based research, a number of nuclear reactions were known 
as sources of neutrons. These range from low energy primary particle-based to very high-energy 
accelerators. Various types of accelerators and techniques to reach higher and higher primary particle 
energy were developed, and so also, the methods of generating secondary neutrons. These include 
electron, proton and other ion as primary particles using DC high voltage, circular and linear RF 
acceleration techniques. 
    Some of such nuclear reaction which have been utilized to generate neutrons are as following: 
  +  →  +  ; the well-known deuterium-tritium reaction at ~0.3 MeV deuteron energy 
for 14-MeV neutron source of the order of 109 n/s with 50-100 W beam power. 
  +  →  + ; the beryllium target for deuteron beams. 
  +  →  +  with beryllium target for ~5 MeV proton beams. 
  + →2  +  beryllium target with photons at energy 1.7 MeV and above from electron 
beam to photon converter target. 
  +  →  +2  and other neutron stripping channels for lithium as target for deuterons. 
    All the above nuclear reactions for generating neutron beams have been utilized, along with man y 
similar other reactions, for basic science research and experiments. These are adequate for low 
investment and rather simple accelerators. But, when it comes to consider the energetic cost per neutron 
delivered, particularly for utilizing neutrons for transmutation on industrial scale, some of these are very 
expensive. A set of representative data collected from literature on energetic efficiency of neutron 
generation is tabulated below (table-1): 
 
Table-1Energy cost of neutrons from various accelerator-based sources 
Process Example Yield Energy cost- 
on target 
only 
(D,T) 
fusion 
400 keV on T 4x10-5 
n/D 
10,000 
MeV/n 
Li (D,n) 
break up 
35 MeV D on 
Li 
2.5 x 
10-3 n/D 
14,000 
MeV/n 
U-238( ,n) 
photo-
nuclear 
20 MeV e- on 
U-238 
1x 10-2 
n/e- 
2000 MeV/n 
9Be (p,n; 
p,pn) 
11 MeV 
proton on Be 
5 x 10-3 
n/p 
2000 MeV/n 
Spallation 800 MeV 
proton on U-
238 
800 MeV 
proton on Pb 
~ 27 n/p 
~17 n/p 
30 MeV/n 
55 MeV/n 
 
    Among the various nuclear reactions listed in table above, the spallation is a unique method of 
generating neutrons with very high energy efficiency. This method, however, requires rather high 
energy protons, say in the range of 600-800 MeV to realize optimal performance.  
    The nuclear reaction of high energy protons with high-Z nuclei (e.g. lead, bismuth, mercury, 
tungsten, tantalum, uranium etc.) is two-step process. In the first step, the high energy primary particle 
interacts with the target nucleus in the intra-nuclear cascade to knock off a few proton and neutrons. 
These knocked out particles at rather high energy could also set further intra-nuclear cascades of their 
own, but the initially struck nucleus remaining at highly excited state (fig.-1) would immediately “boil 
off” in the second step releasing nuclear particles, mainly neutrons and become (radioactive) spallation 
residue, or undergo further fission.  
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In the overall scenario, about 20-30 neutrons would be emitted per primary high-energy (800-1000 
MeV) proton. The choice of spallation target material is a very involved decision depending on the 
energy spectrum and utilization objective of the emitted neutron beams. For this purpose, not only its 
nuclear properties but also mechanical and thermo-physics ones become important when a very intense 
neutron source from hundreds of kW or MWt beam of protons is required. 
 
 
Fig.1. Schematics of Spallation reaction  
 
    The emission rate of neutrons per proton would steadly increase with proton energy. However, 
energetic efficiency of neutrons emitted per watt of proton beam power would level off around 1.2 
GeV. Thus, 800 MeV to 1 GeV proton accelerator would be highly energy efficient source for neutron 
production (Fig.-2). 
 
 
Fig.2.Neutron emission from tungsten (W) target – estimates reported for various energy of primary protons 
 
    The application of proton accelerators to generate neutron beams has also been contemplated to be a 
good substitute for expensive nuclear reactors for neutron beam based research; as in dedicated 
spallation neutron sources which also provide short-pulsed beam of neutrons. 
 
4. Application of accelerator neutron sources  
    At lower end of accelerator energy, application of deuteron beams of a few hundred keV to some 
MeV is utilized for (D,T) reaction to generate 14-MeV mono-energetic neutrons for research-related 
applications and materials tests for fusion reactors. But, with the possibility of neutron emission of ~ 
20-30 neutrons per proton at modest accelerator energy in range of 800 MeV to 1 GeV, the required 
beam current would amount to 1 mA for neutron source strength of the order of 1.6 x 1017 n/s. Since 
proton accelerators with a few mA average current (~MWt beam power) have already been utilized in 
physics research applications, an improvement by an order of magnitude in beam current seems 
technologically feasible. 
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In releasing neutrons at such intensity in a multiplying medium like a sub -critical reactor, would result 
in enhancing neutron flux through absorptions plus fissions in the fissile materials. This also results in 
release of large amount of fission energy in the medium, resulting in an energy “Gain” vis -à-vis energy 
dissipated by proton beam in the spallation target. A simplified expression for such p ower gain defined 
as ratio of fission power to the primary proton beam power on the spallation target is: 
Thus, Gain “G” = 
)1(
..
k
ks
p
f
E
E  = G0 k)(1
k   
    Where: Ep and Ef are energy releases in fission (200 MeV) and energy of proton (1000 MeV), s and 
 are neutron yields per proton in spallation (~ 25) and per fission (~2.5) respectively. The symbol “ k” 
is the neutron multiplicity of the reactor core in which the spallation target is located as an isotropic 
point neutron source. As a rough estimate  with k  ≈ 0.95, energy gain of G ≈ 2 x k)(1
k  of the order of 38 
would result. This is considered enough not only to feed electrical power to drive the accelerator, but 
also to the grid. Thus, an accelerator driven sub-critical reactor system with external neutron source 
would be feasible as stand-alone power generating device. In many design studies of ADS reactor 
systems, such as in thorium-fueled Energy Amplifier, k  at mean value of 0.98 would be feasible for a 
sustainable power reactor. Energy/power balance in such a typical ADS driven by 10 MWt proton beam 
power is given below: 
 
 
 
  Fig.3. Schematics of Accelerator-Driven System  
 
5. Accelerator-driven system 
    The utility of Accelerator-Driven System (ADS) originates for fissile fuel that has potential for the 
nuclear power generation, but not hitherto utilized on large-scale due to its unfavourable neutronic 
characteristics (Fig.-3). Such specific materials are thorium and the transuranics (TRUs) other than 
plutonium. Thorium occurring in nature does not contain any fissile isotope, and TRUs are produced 
through inevitable successive neutron captures in uranium, especially its isotope 238U, used as fuel in 
light water & other reactors. These are two independent issues concerning ADS in which one is related 
to front end of nuclear fuel cycle and the other to the back end. 
 
5.1.  Thorium utilization as reactor fuel 
    Thorium utilization would require firstly, transmutation of naturally occurring 232Th into fissile 
isotope of uranium, as was mentioned previously. There are two options to technologically implement 
it. In the first one, the spallation target is blanketed by thorium fuels mass and the emitted neutrons 
absorbed in it to transmute thorium into 233U. The blanket mass is removed after 233U generated reaches 
equilibrium concentration and the same recovered through chemical processing for utilization in 
conventional reactors. This is the concept of dedicated accelerator breeder system. The system is energy 
dependent on external electrical grid for all the time to operate proton accelerator to deliver beam of 
adequate intensity on the spallation target. 
    The other method would be to locate the spallation target in a sub-critical neutron multiplying reactor 
having a mix of some “seed” fissile material mixed with fertile thorium. The seed could be 235U in the 
enriched uranium, 239Pu or 233U derived from a breeder system. Presence of fissile “seed” would make 
neutron multiplicity to increase but remain anything below critical reacto r’s value of k=1.000. This kind  
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of sub-critical design makes the energy amplification in the ADS as described previously by the factor 
G0 k)(1
k
. 
Table-2Energet ic Performance of ADS at Various Effective Neutron Multiplicat ion (k) in Core 
      
For reactor 
thermal power 
Pf : 1GW (≈ 
300 MWe) 
Input to 
Accel. in 
MWe  
keff 
k /(1-
k) 
Ef  
MeV 
Ep  
MeV νs ν 
G= 
Gain 
Require
d Pb: 
beam 
power, 
MWt 
for 40%  
electrical 
efficiency 
0.985 65.67 180 1000 22 2.5 104.02 9.61 24.03 
0.98 49.00 180 1000 22 2.5 77.62 12.88 32.21 
0.97 32.33 180 1000 22 2.5 51.22 19.53 48.81 
0.96 24.00 180 1000 22 2.5 38.02 26.30 65.76 
0.95 19.00 180 1000 22 2.5 30.10 33.23 83.07 
0.92 11.50 180 1000 22 2.5 18.22 54.90 137.24 
0.9 9.00 180 1000 22 2.5 14.26 70.15 175.36 
    This system is not only energy independent of external grid to operate its proton accelerator, but also 
be able to feed power and earn revenue by selling electricity. An example of energy/power economy o f 
sub-critical reactor system with different neutron multiplicity in core and required driving power for 
accelerator is shown in the table-2 above for 1 GWt system (with notations same as previously). 
    Thorium fueled reactor system for electricity generation has been an important motivation for Indian 
power programme and also favoured by many others for a number of reasons, main among which are 
more abundance of thorium reserves compared with uranium supply and great  reduction in long -lived 
higher actinides (Pu, Np, Am and Cm) waste in the fuel cycle. Also, the neutron emission  (=fission 
neutrons per absorption in the fissile isotope) from fission of 233U is adequate to self-sustain, at least in 
theory, thorium-uranium fuel cycle. This is not so, for other two fissile isotopes- 235U and 239Pu in the 
thermal neutron spectrum, as can be seen below (fig.-4) for values of  for all the three fissile isotopes.  
 
Fig.4. Neutronic yield per absorption in three fissile isotopes for various energies of interact ing neutron. 
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The isotopes 235U and 239Pu require hard neutron spectrum of fast reactors to sustain fuel cycle through 
breeding process; and of these two, the 239Pu is more prolific emitter of fission neutrons in hard 
spectrum, i.e. fast reactor system. It may be noted that this feature forms the basis of utilizing 239Pu in 
fast reactors as fuel to breed more plutonium from 238U and not the 235U. 
  
5.2.  Minor Actinides (MA) as reactor fuel 
    The uranium fueled light water reactors are the mainstay of nuclear power generation over past half a 
century basically due to economic reasons and these have demonstrated adequately assured nuclear 
safety. However, the spent fuel discharged from these reactors is highly radiotoxic mix of very long-
lived nuclei along with some short lived ones. While, it is shown that bulk of fission products would 
decay to safe radiotoxicity levels in 3-5 centuries of secured storage, isotopes of transuranic elements 
(TRUs) generated essentially due to parasitic captures starting from 235U and 238U isotopes in the fuel 
require decay time of ≈million years. Further, many of these being α-emitters and chemically active in 
biological systems, have very low allowable ingestion limits. Although these TRUs make up only about 
1% of total mass of spent fuel discharged, these render its disposal a serious matter of concern for 
environmentalists. With a self-imposed ban due to fears of proliferation by many countries on re-
processing of spent fuel and separation of these radiotoxic contents, the global stockpiles of spent 
nuclear fuel are steadily increasing. 
    A technological solution would be to extract the offending TRUs from spent fuel by re -processing 
and transmute these by fission in dedicated fast reactor into shorter-lived fission products that require a 
few centuries of safe storage. Transmutation of Pu content of the spent fuel would be possible as MOX 
in light water and in the sodium cooled fast reactors with established technology. Ho wever, there would 
be technological difficulties in assuring nuclear safety in critical fast reactor utilizing MA -rich 
(containing large percentage of Np, Am and Cm) fuel, which require fast neutron spectrum for fission. 
It was shown in various studies that such fuel composition would lead to adverse safety in fast critical 
reactors due to nuclear properties of MA isotopic mix, which would have: 
 Reduced effective fraction of delayed neutrons, 
 Reduced (negative) reactivity feedback due to Doppler Effect, and  
 Increased coolant void worth. 
    These effects would go against achieving the safety features in the fast critical reactor under power 
transient due to reactivity insertion, which are as good as in conventional light water reactors. But, it 
was shown in various analyses [1] that deterministic safety against runaway power excursion could be 
realized for MA-rich fuel burner in a sub-critical reactor by utilizing ADS. In ADS operated as nuclear 
waste burner, highest incineration rate could be realized safely despite absence of fertile fuel species. 
    With an objective of fastest incineration of MA waste from the spent nuclear fuel, fast spectrum ADS 
could be a versatile device with regard to fuel behavior and in the long run, to support as incinerator for 
a large number of light water reactors ( ≅ up to 8-10 reactors of 1 GWe) in a power park. Doing same 
would require many a critical fast reactor due to slower net MA-incineration rate in each. 
 
6. Technology for ADS 
    The device of ADS sub-critical reactor system will consist of three sub-systems which operate as 
coupled system. 
 Sub-critical reactor operates through continuation of self-terminating fission chains, each 
triggered by spallation neutrons. 
 Spallation target of high-Z material is source of neutrons  emitted in nuclear reaction with high-
energy protons. 
 Proton accelerator provides continuous intense beam of accelerated particles to the spallation 
target.  
    These generic configurations apply for both the nuclear power applications of ADS- viz. in thorium 
utilization as well as the nuclear waste transmutation. The individual sub -system parameters in design 
for the two applications would differ as following: 
 
 
 
604  Pramod Kumar Nema / Energy Procedia 7 (2011) 597–608
 
 In the thorium utilization schemes there is increase in the core reactivity (neutron multiplicity 
factor “k”) due to 233U breeding which would compensate greatly its loss due to fission 
products build up. In optimized designs the core reactivity remains quite uniform throughout 
the long burn up cycle [2] from beginning of cycle (BOC) to end of cycle (EOC). This feature  
allows the proton accelerator to operate with uniform beam intensity while keeping the fission 
power output constant. 
 
 In the nuclear waste transmutation schemes (without significant fertile material in the fuel), 
there will be loss of core reactivity (neutron multiplicity factor “k”) from BOC to EOC. 
Consequently, to retain the fission power uniform, the proton beam current/power need to be 
modulated from low to higher intensity. This will require that proton accelerator’s RF power 
supplies would contain additional reserve capacity from the nominal value to gradually raise 
the beam power. 
 
    As an example, when the neutron multiplicity changes from k=0.98 to 0.96, the ADS power gain 
factor k)(1
k  will change from 49 to 24. This practically means that to keep the fission power output of 
core unchanged; the proton beam power would have to be almost doubled. Such ability in the beam 
power control system to modulate beam intensity opens up an implication in safety issues that this 
should not happen inadvertently, lest the core power may get doubled abruptly. 
7. Spallation target for ADS 
    Energetic protons deposit all their kinetic energy within the stopping range of the target material. 
Typical range in lead target for Ep ~ 1000 MeV would be of the order of ~50 cms, and for a lateral build 
up of spallation zone about 1/3 of this range, the  heated volume works out to be about 15 liters. For a 
driver proton beam power of 10-15 MW that would be necessary for about 1000 MWt ADS fission 
power reactor, power deposition density works out up to ~ 1 kW/cm3. Only liquid metals with high 
boiling point, thermal conductivity, etc. would be efficient as the target mass/coolant to d issipate this 
intense heat. 
    The target environment of liquid coolant requires isolation from the high vacuum of accelerator 
channel through which proton beam traverses. This isolation is provided by a beam window (fig.-5). 
Even with a so-called “thin” window, the beam invariably deposits a fraction of energy which should be 
removed through coolant flow. This requires elaborate cooling that is very important to maintain 
integrity under all conditions. In case of window failure, entire accelerator channel (up to 300 m length 
in some case, like a linear proton accelerator) can become contaminated with radioactive spallation 
products. Furthermore, any window material placed in the intense fast neutron environment will 
undergo embrittlement due to neutron irradiation. Initial estimates of irradiation damage in terms of 
displacements per atom (DPA) indicate its replacement once or twice per year from deeply inside 
reactor core. This appears like a great technology challenge. 
    A windowless target of molten lead or lead bismuth eutectic (LBE) would also be feasible due to low 
vapour pressure of both metals at modest operating temperature range; e.g. ≈4500C. Such configuration 
of target would obviate the need for periodic window replacements during life of reactor system. Much 
of R&D in windowless target has been conducted and such a target was adopted for MYRRHA sub -
critical system [3,4,5]. 
    While working with heavy liquid metal (HLM)- lead and lead-bismuth, corrosion of structural 
materials at high flow velocities becomes a major consideration in the materials selection. Optimal 
solution for such issues has been indicated by applying suitable coatings, chemistry (essentially the 
oxygen) control of working medium and limiting of maximum working temperature to around 5500C in 
most case. 
 
    With the encouraging results from extensive R&D carried out on HLMs for European  ADS 
programme,  it is likely that molten LBE as target/coolant in windowless target design  could be utilized  
for  a  demonstration ADS project of XADS/MYRRHA of ~50-80  MWt  fission  power.  Up-scaling  to 
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Fig.5. Spallation target 
 
higher fission power ADS (such as 1000 MWt etc.) would be feasible after realizing experience with 
actual performance of such a demonstration device. 
8. Sub-critical reactor in ADS 
The ADS reactor core differs from conventional reactor’s in the following aspects of design (Fig.-6): 
 There will be a provision of evacuated channel to insert a spallation target at one or more places in 
the reactor lattice design. Each target will be a neutron source whenever the proton bea m 
traversing the channel strikes the target mass. 
 The neutron flux profile would not remain cosine distribution, but shift to exponential one with 
peaking in the nearby fuel positions. The thermal-hydraulics and transient behavior in this regard 
will need further studies and design validation. 
 As some of the spallation neutrons are at emitted from target at very high energies (hundreds of 
MeV), and a few backscattered along the cavity of proton beam entry into the target, reactor 
shielding design would require careful analysis over and above regular shielding of the fast critical 
reactor (where neutron energy would be limited to ≈17 MeV). 
 In principle, there would be no need for core reactivity control and shutdown system employing 
neutron absorbers. This results in neutron economy throughout the burn up cycle. The fission 
power would be controllable and fast (safety) shutdown possible by modulating proton beam 
current, which is feasible due to very fast and finely adjustable electrical systems as compared 
with slow mechanically-operated devices in critical reactor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6.  Schematic ADS configuration (also utilizing one-way coupled fast & thermal reactor cores). 
 
The nuclear safety aspect of sub-critical reactor being assured, there is flexibility in selecting fuel type, 
composition and the form from purely the technological conveniences. Similarly, appropriate 
coolant/moderator could also be chosen so that effects of its reactivity feedbacks only marginally affect  
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nuclear safety under various transient conditions. In this way, one can work out integral reactor 
geometry (fig.-6) utilizing fast and thermal reactor cores through one-way coupling of neutrons [6]. In 
this system, the accelerator beam current requirements for an ADS would be reduced significantly; and 
while its fast core would incinerate MA-rich fuel the thermal core would utilize thorium-based fuel. 
 
9. ADS driver proton accelerator 
    Most demanding technology solutions are needed for the driver proton accelerator of an ADS in 
terms of energy efficiency, beam stability, reliability of un-interrupted operation and radiation 
cleanliness. All of these features are not easily achievable in the conventional particle accelerators the 
technology for which is established for scientific research.  
    The electrical efficiency is ratio of net beam power derived from beam to that drawn from the grid to 
operate accelerator facility. Here, the other issues become important are:  
 The way mains power is converted into RF, fed to the accelerating structures or RF cavities to 
generate electric field through which the particles eventually traverse and get accelerated to high 
energy. 
 Reliability of accelerator is greatly influenced by that of RF power supply systems. Highly 
reliable accelerator would have only a few (0-10) unplanned beam trips in a year which avoid 
sudden reactor “scrams” causing severe thermal stress and fatigue in structural parts. 
 Use of superconducting RF (SRF) cavities operating at 2-4.2K with associated liquid helium 
cryogenic plant which has been shown to achieve better power efficiency than using the normal 
conducting copper cavities. 
 Larger beam apertures in accelerator channel can be used with SRF cavities to reduce loss of 
beam particles colliding with side walls which reduce activation of accelerator components. The 
hands-on maintenance of accelerator components becomes possible if loss rate of beam particles 
is below estimated limit of 1 watt/metre. 
 Overall energy efficiency will also depend on beam intensity due to fixed losses in the system- 
either RF power dissipation in normal conducting cavities or static heat loss in the SRF cavities. 
So, higher beam current accelerator would be more energy efficient than a lower one. 
    Two types of proton accelerator are suitable for ADS applications - cyclotron and linear accelerator 
both would provide high duty cycle proton beam acceleration and quasi-continuous beam. However, the 
extracted proton beam current from cyclotron is shown to saturate at about 10 mA [7] whilst that from 
linear accelerator (linac) has no such limitation. For this reason, and also due to its modular nature of 
construction that is suitable for future energy/power upgrade, application of proton linac as ADS driver 
has found wider acceptance. 
    The proton linac for ADS has also been selected for development  under the Indian ADS programme. 
The architecture of proton linac adopted is shown in fig-7. 
 
 
 
Fig.7. Typical architecture of proton linac for Indian ADS 
It consists of three distinct technology sections: 
 Front-end with ECR ion source accelerates 30 mA cw proton beam- first in the Radio-frequency 
quadrupole (RFQ) to 3 MeV, and then in Alvarez Drift-tube linac (DTL) to 20 MeV. These are all 
normal conducting accelerating structures made of OFHC copper cavities. This development is 
progressing and expected to complete in 2013. 
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 Mid-section for further up to 100 MeV is still being retained as normal conducting combination of 
DTL up to 40 MeV and cavity-coupled DTL (CCDTL) to 100 MeV. This combination will utilize 
well-proven accelerator technology, but at the expense of high RF power dissipation. There is an 
option with upcoming technology of superconducting niobium spoke-resonators, but that is 
unproven for high beam current performance.  
 The acceleration of protons to high energy from 100-1000 MeV is to be accomplished in niobium 
Superconducting RF (SRF) cavities of 3 types (i.e. of three β-values, where β is ratio of average 
proton velocity vp to that of light c). These cavities would be multi-cell elliptical cavities with 
liquid helium jacket such as the ones proven in the operation of LEP accelerator in CERN. A 
number of these cavities (in groups of 4-6) are arranged in tandem in a vacuum vessel to form a 
cryomodule.  
 
    With average acceleration gradient of 15-20 MV/m in the SRF section, about 300 meter of linac 
length is estimated. Entire accelerator should also be shielded for protection of personnel and general 
public against radiation that is generated from inadvertent loss of high  energy protons along their 
trajectory through the accelerator channel.   
 
10. Mitigation of disadvantages of ADS 
    Most serious and singly unattractive disadvantage of ADS would be to couple an expensive device of 
high power proton accelerator to the nuclear power reactor. A rough estimate of cost of 30 MWt beam 
power proton linac stands same as the order of cost of reactor plant. So, there is incentive for having 
one 100 mA proton accelerator driving four or more ADS reactors by dividing the beam current; e .g. 
see [8]. But that should be able to operate with unprecedented level of reliability with almost no beam 
interruption throughout the yearly operation. The technology improvements do seem possible to achieve 
these objectives, as had happened in many other disciplines. 
    Simplification of reactor safety system need to be demonstrated for ADS owing to its sub -critical 
operation, and neutron economy can be cited for saving in consumption of nuclear fuel (i.e. higher burn 
up). Implication of these two factors on overall economy may be worked out to offset the capital and 
operating cost of accelerator. 
    Additional and new technology of spallation target with heavy liquid metal of lead and LBE can be 
justifiably utilized in fast reactor development programme. The R&D on irradiation and liquid metal 
corrosion resistant materials are anyway required for hydrogen generating nuclear power systems. 
 
11. Summary and conclusion 
    Accelerator-based neutron sources have already arrived on the scene of scientific research with 
operation of SNS at Oak Ridge. Modest extrapolation of the same technology for cw neutron source for 
ADS applications- thorium fueled reactors and transmutation of TRU waste, seems inevitable in future 
due to specific advantages from both these objectives. While possibility of large-scale utilization 
resolves nuclear fuel resources issue at front end of fuel-cycle, the waste incineration provides the 
solution for waste disposal at the back end of ongoing uranium fuel cycle. Both these have potential for 
wider public acceptance of nuclear power deployment, and thereby reduce the carbon emission from 
use of fossil fuels and help check the global warming. 
    Indian programme of ADS focuses presently on high intensity linac with SRF cavities for high -
energy section to achieve high overall efficiency. The high capital cost of accelerator device in ADS 
could be offset by driving more than one ADS and also by simplification in safety and control features 
of reactors. 
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